We present a method for systematic optimization of quantum cascade laser active region, based on the use of the genetic algorithm. The method aims at obtaining a gain-maximized structure, designed to emit radiation at specified wavelengths suitable for direct absorption by pollutant gasses present in the ambient air. After the initial optimization stage, we introduce a strong external magnetic field to tune the laser output properties and to slightly modify the emission wavelength to match the absorption lines of additional compounds. The magnetic field is applied perpendicularly to the epitaxial layers, thus causing two-dimensional continuous energy subbands to split into series of discrete Landau levels. This affects all the relevant relaxation processes in the structure and consequently the lifetime of carriers in the upper laser level. Furthermore, strong effects of band nonparabolicity result in subtle changes of the lasing wavelength at magnetic fields which maximize the gain, thus providing a path for fine-tuning of the output radiation properties. Numerical results are presented for GaAs/Al x Ga 1−x As based quantum cascade laser structures designed to emit at particular wavelengths in the mid-infrared part of the spectrum.
Introduction
Quantum Cascade Laser (QCL) is a unipolar multilayered semiconductor emitter [1] which represent current state-of-the-art among devices operating in the midand far-infrared spectral range. Its emission wavelength can be tuned by designing the band structure, and so far, tailoring of the active band profile has allowed to reach laser wavelengths from 3 µm up to 250 µm. The speedy transfer of QCLs out of the research laboratories and into practical fabrication was stimulated by variety of performances that these devices can deliver in fields as diverse as environmental monitoring, health and safety, security, defense and medical diagnostics, electronic counter measures, chemical sensing [2] [3] [4] [5] [6] . Within this last area (chemical detection and monitoring) a large improvement is expected since the combination of QCLs and recent gas sensor developments promise to deliver new levels of spectroscopic performance in terms of detection sensitivity and selectivity [6] . This is due to the fact that many chemical species have very strong characteristic absorption lines in the infrared part of the spectrum. * corresponding author; e-mail: radovanovic@etf.bg.ac.rs
In the mid-infrared (MIR) range, the best performance is achieved with GaInAs/AlInAs quantum cascade lasers [7, 8] , including room temperature continuous wave operation. The performance of GaAs/AlGaAs MIR QCLs is indisputably behind that of InP based devices (e.g. GaAs has an intrinsic lower gain than GaInAs due to larger effective mass), but they offer other advantages which are attainable with a GaAs-based technology. A very important among these is the use of mature processing techniques developed for GaAs, and less so for InP-based devices [9, 10] . In this paper, we consider the optimization of the active region of GaAs/Al x Ga 1−x As based midinfrared QCL, with the goal of maximizing the output properties at characteristic wavelengths, suitable for absorption by pollutant gasses, such as SO 2 , HNO 3 , CH 4 , NH 3, etc. The GaAs/AlGaAs system was chosen because it is well understood from the material-growth point of view, and is virtually strain-free. In addition, the material parameters relevant for the effects considered in this work (especially the band nonparabolicity coefficients) are known more accurately, however, the presented numerical procedure is practically independent of the material system.
Among the goals of calculations presented in this work is to demonstrate the possibility of achieving several pre-defined wavelengths with a single structure by variation of the magnetic field. The parameters of interest in the calculation of the optical gain, e.g. the population inversion and the transition matrix element, depend via the wave functions on the potential profile which may be varied to optimize the performance of the structure. However, the relationships between these parameters are very complex, making the optimization process difficult and demanding so it becomes apparent that some carefully selected optimization technique for tailoring of structural profile should be employed [11] . The procedure adopted here relies on applying an elaborate tool for global optimization, namely the Genetic Algorithm (GA), whose inherent parallelism in generating and processing the trial solutions allows us to deal with complex optimization problems [12] .
Magnetic field is an efficient spectroscopic tool for studying the scattering mechanisms in the QCL active region [13] . Since the energy and length scales of the spatial and magnetic confinement are similar, application of a strong magnetic field has proven as a sensitive instrument to study and control fundamental processes in the physics of intersubband transitions -quantum confinement and intersubband relaxation. An intense magnetic field applied perpendicular to the 2DEG planes of a QCL causes two-dimensional continuous energy subbands to split into series of discrete Landau levels (LLs). Since the arrangement of Landau levels depends strongly on the magnitude of the magnetic field, this enables one to control the population inversion in the active region, and hence the optical gain [14] [15] [16] [17] . Furthermore, strong effects of band nonparabolicity result in subtle changes of the lasing wavelength at magnetic fields which maximize the gain, thus providing a path for fine-tuning of the output radiation. The complete procedure is illustrated by performing two sets of numerical calculations for quantum cascade lasers designed to emit at specified wavelengths in the mid-infrared spectral range. The magnetic fields required to achieve sufficient wavelength tunability of the optimized QCL structures obtained in this work are (regrettably) found to be extremely high (20-60 T) . Such values are indeed unacceptable within the present--day technology and restrict practical application of the particular structures. However, the results point to the possibility of magnetic field assisted realization of multiple emission wavelengths, and the future work will focus on implementing the theory and optimization procedure presented in this paper, to the design of QCLs in which the tunability may be achieved with technologically feasible and realistic magnetic fields.
Theoretical consideration
The active region of the QCL structure under consideration comprises three coupled quantum wells (QWs) biased by an external electric field K, as displayed in Fig. 1 . This system has three energy states, i.e., subbands (n = 1, 2, 3), and the laser transition occurs between subbands n = 3 and n = 2. The energy difference between the two lower subbands should match the LOphonon energy, in order to ensure fast depopulation of the lower state of the laser transition via resonant optical--phonon emission. This active region is surrounded by suitable emitter/collector regions in form of superlattices, designed as Bragg reflectors, which inject electrons into state n = 3 on one side, and allow for rapid extraction of carriers from the lowest subband on the other side. These two mechanisms are responsible for achieving population inversion in the structure.
The electronic subbands from Fig. 1 have free particle--like energy dispersion in the direction parallel to the QW planes: E = 2 k 2 /2 m * , where m * is the effective mass, and k is the in-plane wave vector. The nonradiative lifetime for the state |3, k is limited by electron-LO--phonon scattering into the two lower subbands of the active region, and the optical gain reads
where n is the refractive index, ε 0 is the vacuum dielectric permittivity, c is the speed of light in vacuum, F 3,2 stands for the difference of Fermi-Dirac functions for the initial and the final state, while P 3,2 is the momentum matrix element. Fig. 1 . A schematic diagram of (a) the QCL active region described in the main text and (b) one and a half period of QCL structure, comprising the active region and suitable injector/collector layers.
When the structure from Fig. 1a is subjected to a strong magnetic field B in the z-direction, continuous subbands E n (k ) transform into series of individual (strictly discrete) states at energies E n,l ≈ E n + (l + 1/2) ω c , where l = 0, 1, 2, . . . is the Landau index and ω c = eB/m * is the cyclotron frequency. Variation of the magnetic field B influences the configuration (energy spacings) of the discrete states, and hence the probabilities for emission of LO phonons and the optical gain. The values of B which give rise to resonant LO phonon emission are found by solving the equation: E 3,0 − E n,l = ω LO (with n = 1, 2), where ω LO is the LO phonon energy.
Optical transitions in this system are allowed only between states with the same value of the Landau index, i.e. (i, l) → (f, l) . The fractional absorption (or, if it comes out to be negative, the gain) on transitions corresponding to the lasing energy, i.e. (2, l) → (3, l) , reads [15, 16] :
Here, d if = η i |z|η f is the transition matrix element, and η i and η f denote the z-dependent parts of the wavefunctions. Using the expression for the electron areal density in the state (n, l), i.e. N n,l = eB/(π )F FD (E n,l ), and summing over all LLs, we get the total gain on all transitions between LLs belonging to subbands n = 3 and n = 2 of the QCL active region [15, 16] :
where N Sn = l N n,l . To determine the population inversion N S3 − N S2 , one has to find the electron distribution over all the states in the active region. This is obtained by solving the system of rate equations, which describe the change in level population as the difference between the rate at which the carriers arrive and the rate at which they leave. The exact form of the rate equations used in this work is presented in detail in references [15, 16] . We should note, however, that these rate equations assume perfect injection from the injector to the upper laser level, but there have been some other works on the transport in quantum cascade lasers in a magnetic field which avoid such an assumption, either within the rate equation formalism or within the density matrix formalism [18] [19] [20] [21] .
Numerical results
In order to optimize the laser performance at selected wavelength, one must consider the entire free-parameters space and this type of search is best completed by some established method for global optimization, such as the genetic algorithm employed in this work [12] . This algorithm is inspired by the theory of evolution, where problems are solved by selecting the best fit solution which is then allowed to survive. GA begins with a set of solutions called population, which is used as a basis for generating another set of offsprings with best possible characteristics (defined by the value of the objective, i.e. the fitness function). This process is repeated until some predefined criterion is met (this could be, e.g. the total number of populations generated or the improvement in the fittest solution). One of the most important phases in the implementation of GA algorithm is the selection of a formal fitness function, which should be defined so to encompass all the goals of optimization. Here, the objective is to optimize the optical gain at selected wavelength, hence the fitness function is taken as:
where the term in the denominator favours achieving specified emission energy ω, as well as the LO-phonon resonance. In addition, Θ is a non-zero constant, which ensures that F is strongly driven towards resonance in the course of optimization, while remaining finite at the exact resonance, and g(B = 0) is the optical gain in the absence of the magnetic field, given by Eq. (1). In numerical calculation, the optical gain can be expressed via the gain coefficient g
, where τ 21 and τ 32 are the scattering times and τ 3 is the upper laser level lifetime [22] .
We have optimized the QCL active region at two specific wavelengths: one is at λ ≈ 10.3 µm and corresponds to a characteristic line in the spectrum of ammonia, and another at λ ≈ 7.3 µm, suitable for detection of sulphur-dioxide presence [23] . The structural parameters obtained by GA in the first case read: 19 Å, 37 Å, 40 Å, 23 Å, 39 Å (for the well and the barrier widths, respectively, going from left to right) and U b = 0.3175 eV (the barrier height), which corresponds to aluminum mole fraction of 38%, so the structure may be realized by GaAs/Al 0.38 Ga 0.62 As. The material parameters used in calculations are: m * = 0.0665 m 0 (m 0 is the free electron mass), n = 3.3, and the conduction band discontinuity between GaAs and AlAs is ∆E c = 0.8355 eV. The applied electric field in the zdirection is K = 48 kV/cm, and the minima of energy subbands are at E 1 (k = 0) = 0.0767 eV, E 2 (k = 0) = 0.1125 eV and E 3 (k = 0) = 0.2325 eV, as presented in Fig. 2 (a) , together with the corresponding wavefunctions. The calculated optical gain per unit of injection current (g = g 32 /J) is g = 4.32 × 10 −3 cm 2 /kA. Another set of calculations was performed by setting E 32 = 170 meV in the fitness function (4) for the genetic algorithm, and the optimization procedure has delivered a structure displayed in Fig. 2 (b) , with the following layer widths: 19 Å, 11 Å, 32 Å, 39 Å, 23 Å, 38 Å (starting from the left well) and the barrier heights U b = 0.3175 eV, leading to the same material combination (GaAs/Al 0.38 Ga 0.62 As) as in the previous numerical example The optical gain per unit of injection current now amounts to g = 1.27 × 10 −3 cm 2 /kA. As already pointed out, when this structure is placed in a strong external magnetic field in the z-direction, the 2D subbands E n0 + 2 k 2 /2 m n (E n0 ) split into series of discrete LLs, the energies of which (with band nonparabolicity included) are given by [24] :
The in-plane electron effective mass is here calculated as m ( [15, 16,] , where the nonparabolicity parameters α 1 and β 1 are evaluated according to Ref. [24] . It is evident that the realistic effects of band nonparabolicity influence the energy separation between the levels relevant for the radiative transition, and this allows for the shift of the emission wavelength by variations of the magnetic field. The effects of magnetic field (in the range 20-60 T) on the optical gain in structures from Fig. 2 are presented in Figs. 3a and b , respectively. Such high values of the magnetic field are necessary to provide sufficient changes in the lasing energy. Oscillations of the gain with B are very pronounced, and prominent peaks are found at values of the magnetic field for which the resonant emission of LO phonons is inhibited so the lifetime of carriers in the upper laser state is increased. For the structure from Fig. 2a , the maximum of optical gain per unit of injection current is obtained at B = 26.5 T, where the transition wavelength is shifted to λ = 10.6 µm, matching an absorption line in the spectrum of ethylene (C 2 H 4 ), while the peak second in magnitude, at B = 40.5 T, may be used to monitor the presence of sulphur-hexafluoride (SF 6 ) at k = 930 cm −1 [23] . On the other hand, the active region from Fig. 2b exhibits maximal gain at B = 34.5 T, and the lasing energy in that case corresponds to a characteristic absorption line in the spectrum of HNO 3 , (λ = 7.52 µm, i.e. the wavenumber k = 1330 cm −1 [23] ). Another peak of the gain is reached at magnetic field value of B = 46 T and the energy between the laser levels in this case reads E 3,0 − E 2,0 = 163.8 meV, which coincides with the line at k = 1320 cm −1 in the spectrum of methane (CH 4 ), [23]
Conclusion
In this paper we have focused on the systematic optimization and wavelength tunability of quantum cascade laser emitting at wavelengths specified according to absorption fingerprints of particular harmful compounds found in the atmosphere. The presented method relies on application of the genetic algorithm for maximizing the optical gain, and subsequently, it utilizes the additional carrier confinement achieved by introducing strong external magnetic field to the optimized structure. This magnetic field alters the electron energy spectrum and thus provides a mechanism for modulating the laser output properties, including the delicate changes in the lasing wavelength. Numerical results are presented for QCL structures designed to emit at selected wavelengths in the mid-infrared part of the spectrum. However, the procedure can easily be modified for other characteristic wavelengths (pollutant gasses) of interest, simply by changing the objective function for optimization.
